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Abstract

The bonding of H to the (i1) surfaces of Ni, Od and Pt !as bee-i

-tudied using angle resolved photoelectron s)ectros.,-'v. H

onto a cooled sub ,trate produces photoemi.sion spectr.' ,,: , r~,t. i

of che,'iisorption. In this stltt' the " ito-- ': , .

Heat iug the ctcmisorbi.d lav, r tc 300 K rc.it . :,.
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The intc.raction of a H atom with a transition metal is illustrated by

the potential energy diagram shown in Fig. la. The surface bond is charact-

eriz,.-d by th. hat of diorptioti (rad) ,hi Ic the e:quivalnt iuinti ty for
ads

the bulk is the heat of solution ('14). In general the heat oE adsorption

is larger than the heat of solution resulting in a higher concentration of

I
hydrogen at the surface than in the bulk . The objective of this study was

to investigate the electronic properties, and consequently the nature of the

surface bond of adsorbed H on a series of transition m, etal substrates where

the interaction of the H with the bulk metal is quite different. Table I

lists some of the physical properties of the chosen substrates, Ni, Pd and

Pt. The heat of solution for H is positive for Pd, negative for Ni and more

negative for Pt, while the heat of adsorption has a different trend (Ni, Pd

then Pt).

The chemisorption of H on Ni, Pd and Pt has been studied extensively but

the nature of the bond'to the surface is still unclear. For example, consider

the adsorption of H onto Ni. Angle integrated photoemission spectra of H

adsorbed at room temperature on Ni(lll) showed a peak in the difference

curves 5.8 eV below the Fermi energy, with a 2.5 to 3 eV width . This

level was interpreted as the H-Ni bonding level. Its energy position and

width were used by Ifuscat and Newns 12 to show theoretically that tht, d-bands

in Ni play a crucial role in the H bond. Himpsel, Knapp and Eastman
13

demonstrated uising angl, resolved photoentission that the peak observod 5.8 eV

below the Fermi energy was not due to a H-bonding level but to enhancement

of the direct transition from the bulk s band of Ni. H adsorption at room

temperature quenched a s-p (AI ) surface state'on Ni(lll) but did not produce

a bonding level split-off from the Ni bands. These authors believed that

they had observed a "new type, of chemisorptlon bond" on a transitton nit'tal,

where the bondLng was predominantly with the fr,,-tfloctrou-lIke t band.
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The reported photoelectron spectra of H adsorbed on Pd and Pt are also

inconsistent. Adsorption at 80 K on Pd (Pt) (111) produced a peak in the

difference curve at 6.4 vV (7.5 QV) bulow the Fermi energy for a photon

energy of 21 eV I , but room temperature adsorption of H on Pd(lll) did not

14
produce a bonding state, split-off from the bulk bands . Also, adsorption

of H at 200 K onto a stepped Pt(lll) surface did not produce a bonding

15
split-off state

We have investigated in detail the angle and energy dependence of the

photoemission spectra obtained from the clean and H exposed (ill) face of Ni,

Pd and Pt as a function of substrate temperature and H exposure. A quite

simple picture emerges for the bonding of H, which is qualitatively the same

for the three metals. Adsorption of H onto a clean substrate at low temp-

erature always produces a bonding H level split-off from the d-bands. The

presence of this H split-off state is accompanied by a large perturbation

of intrinsic d-like surface states. Warming the adsorbed layer to near room

temperature causes an irreversible conversion of H into a bonding site where

the split-off state is not visible and the d-like intrinsic surface states are

uneffected. The qualitative description just given is independent of

exposure (coverage). We will show that the nature of the low temperature

bonding state can be determined by comparison with theoretical calculations

of the H induced surface electronic states, and postulate that the equilibrium

site of It, which is achieved by warming the crv:,tal, is in or under the

first plane.

Fig. 2 shows a

set of characteristic spectra taken at f0i - 40 eV ond normal emission. Each

panel contains a spectrum of the clean nietaL and a spectrum atter H exposure.
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The spectra on the left are for adsorption of H onto a cooled

substrate (T ' 100 K). The adsorption of H produces a new energy level

(mir -d by ct. arrow) "piiL -L' L t!;u d-band.s ajd dlis ,s draia..Li Lil.AiI,,,

in the d-band region of the spectra (especially for Pd and PL). Thu Hl1 -

substrate bonding energy lev l exhibits cinsiderabhlu dispersion with thc

parallel component of momentum for the coverages shown in Fig. 2. Fig. 3

shows the measured dispersion of all of the hydrogen induced surface bands in

the photoelectron spectra of H on Pd(lll), compared to Louie's calculated

9
H induced bands . The split-off sL'te has the periodicity corresponding

to a (lxl) overlayer, or islands of (lxl) structure. The energy of the

split-off state in normal emission was observed to move towards the Fermi

energy (A 1 eV for Pd and 1.5 eV for Ni) for low coverages. This is simpl\

a result of the disappearance of dispersion due to increased H-H spacing

or more likely to very small island size at low coverage. The split-off

state could be observed for exposures as low as 1O- 7torr'sec, while the

effects of the adsorbed H on the d-surface states could be seen at even

lower exposures, due to the large cross section. For the (111) Ni surface

the s-p (A1) surface state at the SBZ center (0.25 eV below EF) 13, 16 and

d-like surface states at the SBZ edge are quenched or shifted when H is

adsorbed onto a low temperature substrate. We have identified six bands

of surface states or resonanLes on clean Pd(Ill) that are quencid or

shi fted upon H adsorpltion at low substrate tL mperatures (Fig. 3).

For the purposes of this letter it suffices to say that it is possible

to understand In microscopi- dotail the natture of the hydrogen-surfact, !,%Ind

9
in this low temperature stIte . We know the site from vibrationial spctro-
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s:opy (N 7 , E, .ED 04 ) and theortical ca en] at ions of the photo.mi-;ion

spectra as a function of the binding site (Pd 9). The present study determines

the elttctronic stares at tht, surface. The subtrite d electrons are tifldnttC(.!'("

9Lnvolved in the surface bond 9 .

The spectra on the right of Fig. 2 show the consequence of warming an

adsorbed Layer tu near room temperature or exposing at room temperature. The

split-off state is not visible and all of the d-like intrinsic surface states

are unchanged with respect to the clean spectra. H is invisible, except for

quenching the s-p (A1) surface state on Ni(lll)
13'16 and changing the work

function. Thermal desorption measurements and comparison of our work

function change with previous estimations of the coverage vs. work function

indicate that there is of a monolayer of H present in the spectra on the

17,81right of Fig. 21718,19 The conversion which occurs near 1 320 K, 270 K and

270 K for Ni, Pd and Pt for 10 sec heating is irreversible for all exposures

of H. If the crystal is cooled back down to 100 K the spectra look like the

high temperature spectra. Likewise, if H is adsorbed at room temperature

and then the crystal is cooled the spectra do not revert back to the low

temperature adsorption spectra.

The interpretation of these data is superficially quite easy. H adsorbs

on a low temperature substrate as atoms bound in the three fold surface

site 6'7'8'9  This is not the lowest energy site. Warming the crystal causes

a phonon assisted conversion to a lower eoergy site. Fig. lb shows a

schematic potentiaL energy diagram for the multiple binding states at the

surface. This diagram should be viewed with caution, because it is a

multiple coordinate plot. For example if the substrate atoms are held in a

fixed position tile potent ia[ well insidt, tho sur face may not exist. The

stibstrate tom us move to .1CCommodate the H. The most likely site C'or the
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eqliil ibrirm if ctate is the octahedral site und. r the suracc* , Lane. This 

is the site which would be occupied in a hydride. The multiple peaks in

the tllotr-.i vsor;L Lon spectra 17 ,18 ,19 result from the competition b(.twfL'n

conversion and desorption. At low coverage all of the H converts, while

at high coverages part of the adsorbed H desorbes. It is possible that the

two states coexist at low temperatures.

We postulate the subsurface site for the equilibrium phase because it

is consistent with our observation that the d-like intrinsic surface states

are unperturbed in this phase 2 0 and with the fact that inelastic electron

scattering has not been able to see H-metal vibrational modes above the

transition temperature The s-p (A1 ) surface state on Ni(lll) is

quenched by H under the surface because this type of surface state penetrates

9,20
deeper into the bulk than the very localized d surface states

The only unresolved feature of the spectra for the equilibrium H state

is the absence of a H split-off state. Photoemission spectra of Pd hydride

21show a split-off state 5.4 eV below the Fermi energy Either the

photoionization cross-section of the split-off state in our spectra has

decreased dramatically compared to the aquivalent state for either adsorbed

H or Pd hydride, or a split-off state doesn't exist. If it does not exist

then the Hs electron must be mixed in with the substrate s-band. Both

explanations require the bonding in the subsurface site to be different

than either the hydride bond or the low temperatire H bend.

We wish to acknowledge the support of the University of Wisconsin

Synchrotron Radiation Center, and the contributions of J. DiNardo. This

work was supported in part by the Office of Naval Research.. Our beam line

was constrticted and is maintained primarilv hy the Uuiversity of Penusylvania

MRL Program, NSF MIR 74-23b47.
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Lfg'ire C ptions

I. S'hem;t ic poLtc ial. nr in,.', ,.rim Cor -in actm or" H betwe,., tht q.s

phase (left) and thQ bulk of a transition metal (right). (a) Sir;lie

surface adsorption site; (b) two state diagram proposed for H adsorption.

2. !,orrmal emission photoelectron spectra for H adsorbed on Ni, Pd and Pt.
.9

3. Experimental (points) and theoretical surface bands for (lxl) H on Pd.

The shaded region is the projection of the bulk bands onto the SBZ.

The theory is for H bound to the surface in a three fold site with a

metal-H spacing of 1.7 R. The open circles are weak peaks observable

in a difference spectra.

k



7

Tahl 1: II [nt(rar.ri,,n Knr$.

IH-rnctal bond 11 g'tth

"_,_____'H , eV ___ _ __vdri_ _-

eV V 
A

54 bINL -o. I0- 0.5 0 .41 1. 86" 1.57 b

Ni H1. 84 (LEED) 8

24 2 a 9
Pd +0.20" 0.46 0. 23 2.05 ,.7 (Theory)

Pt -0.26 0.23!, 0.273 2.08- 1.68'
0.3/

Surface properties for (111) face.

(a) Pt was estimated using AV = 2.9 A3 for H absorpticn
2

(b) These bond lengths were determined from the vibrational spectra using

a pair-wise interaction model. Ni is Ref. 6 and Pt is le7. 7.
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